The human immunodeficiency virus (HIV) Rev protein functions to facilitate export of intron-containing HIV mRNA from the nucleus to the cytoplasm. We have previously shown that splice site recognition plays an important role in Rev regulation of HIV env expression. Here we have further analyzed the effects of splice sites on HIV env expression and Rev regulation, using a simian virus 40 late replacement vector system. env expression from the vector became completely Rev-independent when an excisable intron was positioned upstream of the env region, provided that env was not recognized as an intron. Complete Rev regulation was restored either by the insertion of a 5' splice site between the intron and the env open reading frame or by deletion of the 3' splice site of the upstream intron. These results show that 5' splice sites can function as cis-acting represssor sequence (CRS) elements to retain RNA in the nucleus in the absence of Rev. They also indicate that Rev regulation of HIV env expression is critically dependent on whether the env region is defined as an intron. This strengthens the hypothesis that Rev interacts with components of the splicing machinery to release splicing factors and enable export of the mRNA before splicing occurs.
Human immunodeficiency virus (HIV) is a complex retrovirus belonging to the lentivirus subfamily (14) . Analysis of the RNA in HIV-infected cells has shown that a multitude of different HIV-specific mRNAs are expressed. To date, more than 30 different mRNAs have been identified (36) (37) (38) . These are all derived from a genome-length primary transcript through alternative splicing. Many of the mRNAs, such as those used to express the regulatory proteins Tat and Rev, are multiply spliced. In contrast, the RNA used to express the Gag and Pol proteins is completely unspliced, whereas the RNAs for the other structural proteins are singly spliced (2, 30) . Splicing in the HIV system thus has to be carefully regulated to maintain a proper balance between the different mRNAs.
As a rule, introns are removed from eukaryotic RNAs before the mRNA is exported out of the nucleus for translation. In a study by Chang and Sharp (4) , which used a construct containing a rabbit P-globin intron, it was shown that mutation of either the 5' or 3' splice site inhibited splicing and led to the accumulation of intron-containing RNA in the nucleus. However, if both splice sites were mutated, the unspliced RNA was efficiently exported to the cytoplasm. These results suggested that splicing factors bound either to the 5' or 3' splice site functioned to retain incompletely spliced RNAs in the nucleus. Similar conclusions have also been reached from studies in yeast cells (24) .
In the HIV system, all of the structural proteins are made from incompletely spliced RNAs which contain complete introns (30, 37) . The HIV Rev protein appears to be a crucial part of the mechanism that allows these RNAs to be exported to the cytoplasm. Rev is a small phosphorylated protein (5, 20) encoded within the viral genome (10, 42) , and several studies have shown that Rev promotes export from the nucleus of intron-containing HIV RNAs (9, 12, 17, 29) . Rev binds to an element present in these RNAs known as the Rev-responsive element (RRE) (8, 16, 17, 29, 34, 46) . A role for Rev in the export of RNA was further established by using the mutated ,B-globin constructs described above, which produced RNA that was retained in the nucleus (4) . If the RRE was inserted into the intron of these constructs, unspliced RNA was exported to the cytoplasm in the presence of Rev. In a previous study, we showed that Rev-dependent HIV env expression from a simian virus 40 (SV40) late replacement vector required a 5' splice site positioned immediately upstream of the env open reading frame (ORF) (27) . Experiments using mutated 5' splice sites and Ul small nuclear RNAs (snRNAs) carrying compensatory mutations demonstrated that the env mRNA produced from this vector formed a complex with Ul snRNA, even though it remained completely unspliced. These experiments, together with the results of Chang and Sharp (4) , suggested that Rev may interact directly with components of the splicing machinery to resolve splicing complexes and enable export from the nucleus of unspliced RNA.
In the experiments reported here, we have further analyzed the effect of splice sites on HIV env expression and Rev regulation. Our results show that env mRNA can be efficiently exported from the nucleus in the absence of Rev, provided that the env region is not defined as an intron.
MATERIALS AND METHODS
Cells and transfections. CMT3 cells (13) were maintained in Iscove's medium supplemented with 10% calf serum. Cells were transfected by using a modification of the DEAE-dextran method as previously described (18) .
Plasmids. p,BGenv was constructed by inserting an XbaIXhoI fragment containing the HIV-1 env gene from plasmid pJTX (27) p,BGenv-5'ins was constructed similarly to p,BGenv. In this construct, the fragment containing the HIV env region was created from a derivative of pJTX. In this derivative, an oligonucleotide containing a 24-bp sequence homologous to the 5' splice site of the rabbit ,B-globin second intron had been inserted into the XbaI site just upstream of the env gene as previously described (27) . The env region containing the upstream 5' 3-globin splice site was excised as a SalI-XhoI fragment, which was subsequently repaired with T4 DNA polymerase and cloned into the repaired BglII site of pBABY.
p3Genv-tev 5' mt is a mutant of p,BGenv containing a 1-bp mutation (G to A) in the + 1 position of the tev 5' splice site. This changed a glycine to an aspartic acid residue within gpl20 at the site of the mutation. It was constructed by the splicingby-overlap-extension-PCR method (21, 22) using two mutagenic primers and two primers outside of KpnI and BglII sites in p3Genv. The final PCR product was cleaved with KpnI and BglII to yield a 690-bp fragment, which was exchanged for the corresponding wild-type fragment in p,BGenv. The region between the KpnI and BglII sites of the resulting plasmid was sequenced to verify that it contained only the desired mutation.
Plasmid pCMVrev was previously known as pRevl, and its construction has been previously described (41) . pCMVrevwas created from this plasmid by cleavage with BamHI at a unique site within the rev coding region, T4 DNA polymerase repair, and religation. pCMVrev-expresses a truncated nonfunctional Rev protein.
Protein analysis. Western blot (immunoblot) analysis was performed on extracts of cells harvested 65 to 70 h posttransfection as described previously (17, 18) . The first antibody used was a gpl20-specific polyclonal rabbit antibody made against a purified fragment of gp120 (amino acids 343 to 512) expressed in bacteria.
RNA extraction and analysis. For total poly(A)+ RNA purification, each of three 150-mm-diameter plates of cells was transfected with 15 .Lg of each plasmid. Cells were harvested at 48 h posttransfection, and the plates were washed twice with 15 ml of cold phosphate-buffered saline (PBS). The cells were lysed directly on each plate in 3.3 ml of lysis buffer containing 0.2 M Tris-HCl (pH 7.5), 0.2 M NaCl, 1.5 mM MgCl2, 2% sodium dodecyl sulfate (SDS), and 200 ,ug of proteinase K per ml. The cell lysates from the three plates were combined and passed through a 21-gauge needle until the viscosity resembled that of lysis buffer alone. The lysate was then incubated at 45°C for 1 to 2 h. For poly(A) selection, the final salt concentration of the lysate was increased to 0.5 M NaCl. Poly(A)+ RNA was then isolated from the lysate by incubation at room temperature for I h with 30 mg of oligo(dT)-cellulose (Pharmacia) which had been preequilibrated in binding buffer ( For cytoplasmic poly(A)+ RNA purification, five 150-mmdiameter plates of cells were transfected with 15 pLg of each plasmid. At 48 h posttransfection, after each plate was washed twice with 15 ml of cold PBS, the cells were scraped from the plates in 5 ml of cold PBS and pooled. The cells were then pelleted and resuspended in 3 ml of reticulocyte standard buffer (10 mM Tris-HCI [pH 7.4], 10 mM NaCl, 1.5 mM MgCl2); 5% Nonidet P-40 was added dropwise to a final concentration of 0.5%. The cell suspension was gently vortexed and incubated on ice for 5 min to lyse the cell membranes. Nuclei were isolated by centrifugation at 2,000 rpm in an IEC PR-7000 centrifuge for 5 min at 4°C and discarded. The supernatant was again cleared of any remaining nuclei by centrifugation at 2,000 rpm for 5 min at 4°C. An equal volume of 2 x PK buffer (200 mM Tris-HCl [pH 7.5], 25 mM EDTA, 300 mM NaCl, 2% SDS, 400 pLg of proteinase K per ml) was added to the resulting supernatant, which was incubated at 37°C for 30 min with gentle shaking. The lysate was extracted once with an equal volume of phenol-chloroform-isoamyl alcohol (24:1) and then twice with an equal volume of only chloroform-isoamyl alcohol (24:1). Sodium acetate (3 M, pH 5.2) was added to a final concentration of 0.3 M, and the RNA was precipitated with 2.5 volumes of absolute ethanol (-20°C). The ethanol precipitate was stored at -20°C. For poly(A) selection, the RNA was pelleted at 4,000 rpm in an IEC PR-7000 centrifuge at 4°C for 1 h. The pellet was gently resuspended in 10 mM Tris-HCl (pH 7.4)-10 mM EDTA-0.2% SDS and heated to 65°C for 5 min. The salt concentration was adjusted to 0.5 M with NaCl, and 30 mg of preequilibrated oligo(dT)-cellulose in 1 ml of binding buffer was added as described for total poly(A)+ RNA isolation. The poly(A) selection was completed by the procedure described for total poly(A)+ RNA preparation; 3 to 5 pLg of cytoplasmic poly(A)+ RNA was used for Northern blot hybridization analysis.
RNA electrophoresis on formaldehyde-containing 1% agarose gels and Northern blot analysis were performed as previously described (17) .
RESULTS
A complete intron positioned upstream of the HIV env ORF makes env expression partially Rev-independent. As described in the introduction, our previous results suggested that Rev regulation may take place within the context of the cellular splicing machinery. In addition, our experiments showed that no stable env RNA was formed, with or without Rev, if the RNA expressed from our SV40 expression vector was not recognized by splicing factors. Removal of the 5' splice site just upstream of the env ORF caused the RNA to become unstable (27) . In view of these results, we decided to test the effect on RNA formation and Rev regulation of placing a complete rabbit 3-globin intron upstream of the env ORF. We reasoned that the presence of this intron might stabilize the RNA and allow it to be spliced without removing any part of the env region. This would allow us to specifically study the effects of splice sites on Rev regulation separate from their effects on stability of the RNA.
The construction of the new plasmid was easily achieved by inserting the HIV fragment containing the env ORF, but lacking a 5' splice site, into a unique BglII restriction enzyme site present in our expression vector, pBABY (32) . This the SV40 late promoter. A schematic representation of this region of the plasmid, as well as all of the known splice sites, is shown in Fig. IC . In addition to the 3-globin 5' and 3' splice sites, the region contains the tat/rev, 3' splice site and the tev (or tnv) 3' and 5' splice sites. The tet' sites are alternative splice sites within the HIV env region which have been shown to be used only in a small percentage of the RNA expressed in HIV-infected cells (3, 15, 35, 36) .
To examine envelope protein expression, p3Genv was transfected into monkey CMT3 cells either alone or together with a plasmid which expressed a functional Rev protein (pCMVrev). The transfected cells were then subjected to Western blot analysis using an Env-specific serum. As can be seen (Fig. IA) , both gp160 and gpl20 were expressed in the presence or absence of Rev. However, levels of expression were higher in the presence of Rev.
We next performed an analysis of the RNA expressed from pf3Genv. To do this, cells were cotransfected with p3Genv and pCMVrev or its derivative, pCMVrev which contains a frameshift mutation in the second coding exon of Rev. Both pCMVrev and pCMVrev express a rev mRNA of about 950 bases, but pCMVrev produces a nonfunctional truncated protein of 59 amino acids (data not shown). Poly(A) containing total or cytoplasmic RNA was isolated from the cells at 48 h after transfection. The RNA was then subjected to Northern blot analysis, using an oligonucleotide probe homologous to the rabbit 3-globin sequences just upstream of the poly(A) site in p3Genv. This probe would be expected to hybridize to all of the mRNAs expressed from the late SV40 promoter of p3Genv as well as to the mRNA from pCMVrev and pCMVrev-. The result of the Northern blot analysis is shown in Fig. 1B . Two major species of mRNA, 3.1 and 1.5 kb in size, were observed in both the total and cytoplasmic RNA preparations.
In addition, bands representing the 0.95-kb mRNA from pCMVrev and pCMVrev -were detected. Figure IC shows the structures of the 3.1-and 1.5-kb RNAs. These structures were determined by further Northern blot analysis using additional oligonucleotide probes and by sequence analysis of PCRamplified cDNAs (data not shown). As can be seen in Fig. IC , both RNAs lacked the 3-globin intron. No RNA containing this intron was detectable by Northern blot analysis even in the total RNA preparations, suggesting that the intron was rapidly and efficiently removed from the primary transcript whether or not Rev was present.
The 3.1-kb RNA contained a complete env ORF and was thus the mRNA used to express the Env protein. This RNA was present in approximately the same amounts in both preparations of total RNA. In contrast, its level was higher in the cytoplasmic preparations from cells which contained a functional Rev protein. However, a significant amount was still detectable even when a functional Rev protein was lacking. This result is consistent with the results of the protein analysis which showed a partial Rev independence. Thus, the singly spliced env mRNA appeared to be exported from the nucleus, albeit less efficiently, even in the absence of the Rev protein.
The slightly larger size of this RNA species in the absence of Rev was due to a longer polyadenylate tract at the 3' end of this RNA (data not shown).
The smaller 1.5-kb mRNA was determined to be a doubly spliced RNA in which an additional intron within the env region had been removed. The 5' splice site used in this splicing event was the previously described 5' tev, splice site, whereas the 3' splice site was the tat/rev, 3' splice site. This intron was thus identical to the third intron of the tev mRNA found in infected cells (3, 35) . In total RNA preparations, this species appeared more prominent in the absence of the Rev protein. However, its levels in the cytoplasmic RNA preparations were similar whether or not Rev was present.
As a control for possible variation in transfection efficiency and loading, the Northern blots were stripped and reprobed with an oligonucleotide specific for the pCMVrev and pCMVrev mRNAs. The observed levels of these RNAs were similar in each total and cytoplasmic lane (data not shown).
Mutation of the 5' tev splice site makes env expression from ppGenv completely Rev-independent. Since env expression from p3Genv was more efficient in the presence of Rev, it seemed likely that some property of the 3. otides to mutate the + 1 position of the 5' tev splice site from a G to an A (see Materials and Methods). The analyses of the proteins and cytoplasmic RNA that were expressed from this plasmid, with and without Rev, are shown in Fig. 2A and B. In this experiment, expression from ppGenvtev 5'mt was directly compared with expression from ppGenv. As a control, we also examined the cytoplasmic RNA produced from pSVSX-5'3G, a plasmid that previously was shown to be completely Rev-dependent for env expression (26) . pSVSX-5'3G is similar to our original Rev-dependent plasmid construction pSVSX1A1 (17) . It contains just the 5' ,B-globin splice site upstream of the env ORF rather than a complete 3-globin intron. However, it contains a complete P-globin intron downstream from the env ORF (Fig. 2C) . Figure 2A shows that p,3Genv-tev 5'mt expressed nearly the same amount of gpl60 and gp120 proteins whether or not Rev was present. As before, the expression of these proteins from piGenv was enhanced by the presence of a functional Rev. Figure 2B showed that p,BGenv-tev 5'mt expressed two major cytoplasmic RNA species of 3.1 and 0.9 kb. The larger of the RNAs was the env mRNA and had the same structure as the env mRNA expressed from p3Genv (compare Fig. IC with Fig.  2C ). From its size and hybridization pattern with other probes, we believe that the smaller RNA was a singly spliced RNA in which an intron between the 5' ,B-globin splice site and the tat/rev 3' splice site was removed (data not shown). Thus, mutation of the 5' tev splice site seemed to eliminate splicing at this site and also reduce the utilization of the 3' 3-globin splice site, leading to exon skipping.
In accordance with the results of the protein analysis, ppGenv-tev 5'mt showed the same levels of cytoplasmic env mRNA with and without rev. This was in contrast to the markedly reduced amount of 3.1-kb RNA seen in the absence of Rev in the case of p3Genv.
In the case of pSVSX-5',BG, two major RNAs of 3.6 and 1.0 kb were expressed. The larger of these species was a totally unspliced mRNA used to express the Env proteins. This RNA was completely absent in the cytoplasmic fraction when Rev was not present. The smaller RNA was a doubly spliced RNA in which an intron between the upstream 5' 3-globin splice site and the 3' tat/rev splice site, as well as the downstream ,B-globin intron, was removed. Interestingly, no RNA which had only the downstream intron removed was observed. Thus, the downstream intron is recognized only once the upstream intron is removed, and nuclear export of the unspliced env mRNA is totally Rev-dependent. These data are consistent with our previously reported results for similar constructs (17, 27) .
As before, as a control for possible variation in transfection efficiency and loading, the Northern blots were stripped and reprobed with an oligonucleotide specific for the pCMVrev and pCMVrev-mRNAs. The observed levels of these RNAs were similar in each of the total and cytoplasmic lanes (data not shown).
Deletion of the upstream 3' splice site or insertion of an additional 5' splice site restores Rev dependence. The results presented above suggested that Rev dependence of env expression was directly related to whether or not the env ORF was recognized as an intron. In addition, our previously published results for constructs analogous to pSVSX-5'PG showed that the env RNA interacted with Ul snRNA even though it remained unspliced (27) . Thus, the complete Rev dependence seen in these constructs could be explained by the fact that the intron covering most of the env ORF was recognized 100% of the time by Ul snRNA and possibly other splicing factors. Reasoning along these same lines, the partial Rev dependence of ppGenv could be explained by the fact that the tev intron is an alternative intron which may be recognized by splicing factors only some of the time. Thus, abolition of this intron in p,BGenv-tev 5'mt would be expected to result in the observed shift from partial Rev dependence to total Rev independence.
To further test the hypothesis that Rev dependence was determined by whether or not the env region was defined as an intron, we decided to insert an extra 5' splice site between the rabbit ,B-globin intron and the env ORF of p,Genv. To do this, a small oligonucleotide homologous to the rabbit ,-globin 5' site was inserted upstream of the env ORF in ppGenv to create plasmid p,BGenv-5'ins. This placed most of the env ORF within a new intron between the ,B-globin 5' splice site and the tat/rev 3' splice site. This intron would be expected to be recognized 1.0Kb ---.. efficiently by splicing factors. A schematic representation of the relevant region of the plasmid is shown in Fig. 3C .
Analysis of protein and RNA expression from ppGenv-5'ins was carried out in experiments similar to those performed with the other plasmids. A Western blot of extracts of cells transfected with p3Genv-5'ins ( Fig. 3A) showed that gpl60 and gpl20 expression was completely Rev-dependent. The RNA analysis showed that the env mRNA expressed from p,Genv-5'ins was 3.1 kb in size and was similar in structure to the env mRNA expressed from p,BGenv. With this construct, however, the RNA was not present in the cytoplasm unless a functional Rev protein was present (Fig. 3B) . A smaller mRNA of about 1 kb was efficiently transported out of the nucleus both in the absence and in the presence of Rev. Further analysis showed that this mRNA was a doubly spliced RNA in which both the rabbit 3-globin intron and an intron between the inserted 5' 3-globin splice site and the tat/rev 3' splice site had been removed (data not shown). No mRNA spliced at the 5' tev splice site was detected in either total or cytoplasmic RNA preparations.
As before, as a control for possible variation in transfection efficiency and loading, the Northern blots were stripped and reprobed with an oligonucleotide specific for the pCMVrev and pCMVrev-mRNAs. The observed levels of these RNAs were similar in each total and cytoplasmic lane (data not shown). The results of these experiments showed that the simple insertion of an extra 5' splice site in front of the env gene in p,Genv made env expression completely Rev-dependent.
We reasoned that a second way to place the env ORF of p,Genv within an efficiently recognized intron would be to remove the 3' rabbit 3-globin splice site which was present immediately upstream from the ORF. This would position most of the env ORF within a new intron bounded by the 3-globin 5' splice site and the tat/rev 3' splice site. To do this, a 141-bp ApaI-BalI fragment was deleted from p,BGenv to create plasmid ppGenv-3'A. A schematic representation of this region of the plasmid is shown in Fig. 4C .
We then performed an analysis of the protein and RNA produced from this plasmid in the absence and presence of Rev. The results of these experiments are shown in Fig. 4 Western blot analysis (Fig. 4A) showed that Env protein expression from p3Genv-3'A was completely Rev-dependent. The RNA analysis (Fig. 4B) showed two major RNA species of 3.5 and 0.9 kb. Further analysis showed that these RNAs were a completely unspliced env mRNA and an RNA in which an intron between the 3-globin 5' splice site and the tat/rev 3' splice site had been removed (data not shown). Although the 3.5-kb mRNA was present in about equal amounts in the total RNA preparation, in either the absence or presence of Rev, it was not detectable in cytoplasmic RNA without a functional Rev protein. In contrast, the smaller spliced RNA was efficiently exported to the cytoplasm, with or without Rev. No mRNA spliced at the 5' tev splice site was detected in either total or cytoplasmic RNA preparations.
As before, as a control for possible variation in transfection efficiency and loading, the Northern blots were stripped and reprobed with an oligonucleotide specific for the pCMVrev and pCMVrev-mRNAs. The observed levels of these RNAs were similar in each of the total and cytoplasmic lanes (data not shown). Thus, the results of these experiments showed that a second way to make expression from p3Genv completely Rev-dependent was by deletion of the 3' splice site in front of the env gene.
DISCUSSION
The results presented here show that Rev regulation of HIV env expression critically depends on the position and configuration of splice sites in the env RNA. Consequently, env expression could be made partially Rev-independent simply by insertion of a complete intron upstream of the env ORF. RNA expressed from this construct was rapidly spliced to remove the upstream intron, and in the absence of Rev, some of this singly spliced RNA was exported from the nucleus. However, a portion of the RNA was further spliced to remove an intron within the eniv region before transport ensued. When Rev was present, more singly spliced env RNA reached the cytoplasm and more envelope protein was expressed.
The 5' splice site used in removal of the second intron, in the RNA expressed from p3Genv, was an alternative splice site used in virus-infected cells to make an RNA expressing the viral Tev protein (3, 35) . If this splice site was mutated in the + 1 intron position, splicing at this site was inhibited and env expression became totally Rev-independent. In contrast, complete Rev dependence was observed in another construct, in which an additional 5' splice site was inserted upstream of the env ORF in p3Genv. The same phenotype could also be obtained by deletion of the upstream 3' 3-globin splice site in this plasmid. Thus, Rev dependence was determined by whether or not the env region was defined as an intron, suggesting that an important role of Rev is to enable the release from the splicing machinery of intron-containing RNAs. This hypothesis is further supported by the fact that all of the mRNAs that are regulated by Rev in HIV-infected cells contain complete introns (36) (37) (38) . By positioning the env region downstream of an intron in the RNA, we have mimicked the situation that exists in the virus. The env mRNA that is expressed in infected cells is a singly spliced mRNA from which an upstream intron containing the gag/pol, vif, and vpr ORFs has been removed (37) . Interestingly, this mRNA still retains the tat/rev 5' splice site and can be further spliced to generate a nef mRNA (36) . In fact, the env mRNA is a bicistronic mRNA that contains a complete vpu ORF upstream of env, and it has been speculated that this reflects the need for a coordinated expression of env and vpu (37) . Our results show that a 5' splice site upstream of the env region seems necessary to make env expression tightly Rev regulated (cf. expression from p,BGenv and p3Genv-5'ins). Thus, an alternative explanation for the unusual structure of the env mRNA is that the upstream 5' splice site has to be maintained to keep env expression under complete Rev control. This could be important for the virus in order to avoid cytopathic effects in early phases of the infection. We are currently testing the effect of mutating the 5' tat/rev splice site in a plasmid containing a complete HIV genome.
In some studies, it has been suggested that Rev functions independently of splicing (12, 29, 39) . Malim et al. (29) claimed that an env mRNA expressed from a vector using the HIV-1 long terminal repeat as a promoter lacked functional splice sites but was still subject to Rev regulation. However, recent experiments in our laboratory with the same construct showed that large amounts of spliced mRNA could be detected (unpublished observations). This RNA resulted from a splicing event between the 5' tev splice site and the 3' tat/rev splice site and thus had a structure very similar to that of the 1.5-kb mRNA expressed from p3Genv (Fig. 1C) . We have also shown that the HIV-1 transactivation response region (TAR) and tat can promote Rev-regulated env expression from constructs lacking upstream 5' splice sites (26) . The transactivation response region does not contain a bona fide 5' splice site but does contain two regions that might constitute a pseudo 5' splice site capable of binding Ul snRNA analogous to the ones that have been identified in the Drosophila system (40).
Stephens and Cockett (43) reported that Env protein could be expressed in the absence of Rev by using a vector in which transcription was initiated from the immediate-early cytomegalovirus promoter. This could be explained by the fact that this construct contains a complete intron upstream of the env region, thus making it similar to p3Genv.
It has been hypothesized that Rev functions to counteract negative elements in the HIV RNA which might bind cellular factors that retain the RNA in the nucleus in the absence of Rev. Such elements have been identified by several groups and are known as cis-acting repressor sequences (CRS), instability sequence (INS) elements, or inhibitory region (IR) sequences (6, 9, 28, 34, 39) . These sequences are found throughout the gag/pol intron as well as within the env intron. Although our experiments show that a 5' splice site can efficiently function as a CRS element, some of the previously identified CRS elements do not seem to contain functional splice sites. However, such sequences could still function as pseudo 5' or 3' splice sites or bind other factors involved in splicing, such as heterogeneous nuclear ribonucleoproteins. It is also possible that CRS elements bind cellular factors not involved in splicing. Further experiments are clearly required to distinguish between these different possibilities.
In some studies, in which incompletely spliced HIV RNA was detected in the cytoplasm of cells in the absence of Rev, efficient protein expression still required the Rev protein (1, 7, 23) . This led to the suggestion that Rev may also play a direct role in the translation of some HIV mRNAs. However, an alternative explanation might be that in these cases, Revindependent transport either delivered these RNAs to the wrong compartment within the cytoplasm or left them bound to splicing factors or other cellular components capable of inhibiting translation.
Rev-like proteins have been found in several other lentiviruses (31, 44, 45) . It is also known that the Rex protein of the human T-cell leukemia viruses can substitute for Rev and serve an analogous function (11, 19, 25, 33) . Although all retroviruses face the same problem in that full-length intron-containing RNA has to be transported from the nucleus, no Rev/Rex-like proteins have been found in the simpler retroviruses. If a cellular mechanism exists which prevents transport to the cytoplasm of incompletely spliced RNAs, this presents an interesting enigma. One possibility is that the RNA from these viruses contains cis-acting elements similar to the RRE that can be recognized by cellular factors. In fact, we have recently discovered that a small element from Mason-Pfizer monkey virus can efficiently substitute for Rev and the RRE in facilitating the transport of intron-containing HIV RNA from the nucleus to the cytoplasm (3a).
